The Raman and infrared phonons of isostructural rhombohedral LaMnO 3 and LaAlO 3 are studied at room temperature. The experimental spectra are compared with the prediction of lattice-dynamical calculations and the lines observed are assigned to definite atomic vibrations. It is shown that the Raman mode of A 1g symmetry in LaAlO 3 and LaMnO 3 ͑at 123 cm Ϫ1 and 236 cm Ϫ1 , respectively͒ involves atomic motions that cause the rhombohedral distortion, i.e., it is a ''soft'' mode, and its position could be used as a measure of the degree of the distortion. It is also argued that the broad Raman bands in the high-frequency range of LaMnO 3 are not proper modes of the rhombohedral R3 c structure, but are rather induced by the dynamic Jahn-Teller effect.
I. INTRODUCTION
The manganese perovskites with general formula R 1Ϫx A x MnO 3 (Rϭrare earth, AϭCa, Sr, Ba, Pb) are characterized by a strong interplay of the structural, electronic, and magnetic properties. Recently, they attracted a renewed interest due to the effect of ''colossal'' negative magnetoresistance ͑CMR͒ exhibited near the temperature where metalinsulator and paramagnetic-ferromagnetic transitions occur. 1 Shortly after the discovery of these materials, the concept of the ''double-exchange'' ͑DE͒ has been developed to describe both the ferromagnetism ͑FM͒ and the metallic conductivity in the low-temperature phase. Within the DE model the transport in the FM metallic phase involves hopping of spinpolarized charge between Mn 3ϩ and Mn 4ϩ sites. 2 However, recently Millis et al. 3 have shown that the DE alone is insufficient to account for either the low transition temperature or the large change in resistivity near T c . It has been proposed that in addition to the DE mechanism, the strong electronphonon coupling in the form of dynamical Jahn-Teller distortions tends to localize the conduction electrons into polaronic states. While the Jahn-Teller distortions are large in the insulating state, they are at least partly removed below T c . The large isotope shift of T c (ϳ20 K) upon 18 O for 16 O substitution does indicate a strong spin-lattice coupling. 4 Therefore it is expected that the Raman and infrared spectroscopies could be powerful tools to clarify the role of the phonons in CMR and related phenomena.
The crystal structure of the undoped parent compound LaMnO 3 depends on the synthesis conditions. 5, 6 At least two well-determined phases exist at room temperature: the orthorhombically distorted ͑space group Pnma) and the rhombohedrally distorted ͑space group R3 c), both are paramagnetic insulators. 6 The rhombohedral phase is of special interest as it is typical for some R 1Ϫx A x MnO 3 materials exhibiting CMR. It is plausible to expect the phonon spectra of this phase to be sensitive to some specific features associated with the CMR. Such are the variations of Jahn-Teller distortions with the Mn 4ϩ /Mn 3ϩ ratio as well as with the temperature near T c . The phonon spectra will also be sensitive to the degree of rhombohedral distortions. This concerns, in particular, the first-order Raman spectra, which become allowed exclusively due to lattice distortions as no Raman-active modes are anticipated in the ideal perovskite structure ( Pm3m). At present there is, however, scanty data on the Raman spectra of rhombohedral LaMnO 3 and related La 1Ϫx A x MnO 3 compounds and the assignment of the observed spectral structures is still ambiguous. The main difficulties arise because of the very low Raman intensities, which has given rise to speculations that some of the broad bands in the experimental spectra may correspond to secondorder Raman processes. 7 To our knowledge there are no reports on either polarized Raman spectra of rhombohedral LaMnO 3 that could unambiguously determine the symmetries of experimentally observed lines, or on lattice dynamical calculations ͑LDC͒ that could predict the shapes of Raman modes of given symmetry and the expected range of their wave numbers.
In this work we report the results of our study of optical phonons in isostructural rhombohedral LaMnO 3 and LaAlO 3 . The experimental Raman and infrared spectra are analyzed by comparison with the prediction of latticedynamical calculations. We show that the Raman mode of A 1g symmetry at 123 cm Ϫ1 and 236 cm Ϫ1 for LaAlO 3 and LaMnO 3 , respectively, involves atomic motions that cause the rhombohedral distortion, i.e., it is a ''soft'' mode, and its position could be used as a measure of the degree of the distortion. We also argue that the broad Raman bands in the high-frequency phonon range of LaMnO 3 are not proper modes of the R3 c structure, but are rather induced by the dynamic Jahn-Teller effect. All experimentally observed lines in the infrared spectra of LaMnO 3 and LaAlO 3 are also assigned to definite atomic vibrations.
II. SAMPLES AND EXPERIMENT
The LaAlO 3 single crystal investigated was a commercially available product ͑CrysTec GmbH, Berlin, Germany͒ with platelike shape (5ϫ5ϫ0.5 mm 3 ͒ and edges parallel to the quasicubic crystallographic axes. The observation of the crystal surface under microscope using white linearly polarized light revealed a twinned structure with averaged twin size of about 20 m. The preparation of the rhombohedral LaMnO 3 ceramics is described elsewhere. 8 For the latter material the spectra were taken from the polished surface containing optically isotropic grains of irregular shape.
The Raman spectra were measured using a LabRam single spectrometer equipped with appropriate notch filters, an optical microscope and CCD detector. An ϫ100 objective was used to both focus the incident laser beam into a spot of 1 -2 m in diameter and collect the scattered light in backward-scattering geometry. The 632.8-nm He-Ne laser line was used for excitation.
The near-normal incidence infrared reflectance spectra were measured with a Bomem DA8 Fourier-transform interferometer in the range 50-8000 cm Ϫ1 , using a gold mirror as a reference. All measurements were performed at room temperature.
III. RESULTS AND DISCUSSION

A. Classification of the ⌫-point phonons
The rhombohedral LaM O 3 (M ϭAl, Mn) has the symmetry of the space group R3 c (D 3d 6 , Zϭ2) and belongs to the family of rotationally distorted perovskites with Glazer's notation (a Ϫ a Ϫ a Ϫ ). 9 The R3 c structure can be obtained from the simple-cubic perovskite ( Pm3m) by rotation of the adjacent M O 6 octahedra in opposite directions around the ͓111͔ c ͑cubic͒ direction. In the R3 c lattice the La atoms occupy the 2a ( 1u ϩ2A 2g ϩ2A 2u ϩ3E g ϩ3E u ) . Of the total 20 ⌫-point modes 18 correspond to optical phonons. The A 1g ϩ4E g modes are only Raman active, the 3A 2u ϩ5E u are only infrared active, and the remaining 2A 1u ϩ3A 2g modes are inactive ͑''silent''͒ modes. For better understanding of the relationship between the frequency and vibrational patterns of the modes investigated it is instructive to recall the correlation between the modes in distorted R3 c and undistorted Pm3m structures ͑see, e.g., Scott 10 ͒. The tilts of the octahedra result in doubling of the cubic unit cell and therefore the ⌫ r -point phonon modes of the rhombohedral Brillouin zone come from modes located at the ⌫ c (0,0,0) and R c ( 2 ) points of the cubic Brillouin zone. Additionally, the triply degenerated modes of the cubic structure split into pairs of nondegenerated and doubly degenerated modes in the rhombohedral structure ͑see 
This basis is related to the hexagonal unit cell, which is alternatively used to describe the R3 c structure, as follows: where a, b, and c are parameters, and r is the interionic separation. The ionic polarizability is also accounted for using the simple picture of an ion as a point-charged core coupled with a force constant k to a charged massless shell with charge Y around it. The free-ion polarizability ␣ is given by
The values of model parameters ͑listed in Table III͒ were close to those used in LDC of orthorhombic ( Pnma) LaMnO 3 . 8 The crystallographic data for LaAlO 3 and LaMnO 3 have been taken from Refs. 14 and 6, respectively. The calculated frequencies of the optical phonons in LaM O 3 (M ϭAl, Mn) are presented in Table I . The corresponding vibrational patterns are drawn in Fig. 1 .
C. Raman spectroscopy
The polarized Raman spectra of LaAlO 3 as obtained from a large twin on the quasicubic (001) c surface are shown in Fig. 2 . Three strong lines at 123, 152, and 487 cm Ϫ1 dominate the spectra. Based on their polarization properties and our LDC we assign them to the calculated A 1g mode at 132 cm Ϫ1 ͑rotation of the oxygen octahedra around the hexagonal ͓001͔ h direction͒, E g mode at 163 cm Ϫ1 ͓pure La vibration in the hexagonal (001) h plane͔ and E g mode at 463 cm Ϫ1 ͑pure oxygen bending vibration͒, respectively. The line corresponding to the calculated E g mode at 691 cm Ϫ1 ͑out-of-phase stretching oxygen vibration͒ was not observed, which indicates that it may be of negligible intensity. The remaining expected E g mode ͑rotation of the oxygen octahedra around an axis perpendicular to the hexagonal ͓001͔ h direction with calculated Raman shift of 34 cm Ϫ1 ) is very close to the laser line and couldnot be detected with our setup.
It is worth noting that our experimental results are in excellent agreement with those of the pioneer work of Scott. 10 In that paper the low-frequency E g mode at 33 cm Ϫ1 ͑at room temperature͒ had also been observed. The line near 150 cm Ϫ1 , however, had been interpreted as a ''ghost'' line and the very weak line near 470 cm Ϫ1 as a E g mode. The latter line ͑also very weak͒ is observed in our spectra, too, with polarization properties as for the two other E g lines. As By comparison of experimentally measured relative intensities of the three strong Raman lines with those expressed in terms of the elements of the Raman tensors ͑see Table II͒ one can determine the relative values of the nonzero elements of corresponding Raman tensors. The two E g lines are of equal intensity with yx, yЈyЈ, and xЈxЈ polarization configurations, but are of negligible intensity with the xx and xЈyЈ configurations. It follows from Table II that this is possible if dϭϪc/ͱ2. For the A 1g line the ratio of the intensities with xЈxЈ, xx, yx, and yЈyЈ is close to 9:4:1:1, which requires the inequality aӷb to be satisfied. We suggest that the similar relationships between the Raman tensor elements would hold for the isostructural LaMnO 3 , too.
As concerns the rhombohedral LaMnO 3 , let us first outline the experimental difficulties in obtaining the Raman spectra.
͑a͒ The LaMnO 3 ceramic sample used consisted of optically isotropic grains of irregular shape. The Raman spectra taken at various spots on the surface were identical and, moreover, independent on the polarization direction of the incident laser light. This could be due to a fine twinning and/or to the submicron size of the microcrystals. It was, therefore, possible to obtain only two types spectra: with parallel (e i ʈe s ) and crossed (e i Ќe s ) polarizations of the incident ͑i͒ and scattered ͑s͒ light.
͑b͒ The power of the laser excitation was limited to 0.2 mW by the overheating effects. As in the case of orthorhombic ( Pnma) LaMnO 3 , 8 a higher laser power resulted in the appearance of strong background, shift of the lines towards lower wave numbers, and decrease of their intensity.
͑c͒ The Raman line intensities were much lower compared to those of orthorhombic LaMnO 3 .
The Raman spectra of rhombohedral LaMnO 3 as obtained with parallel and crossed scattering configurations are shown in Fig. 3 . Five broad lines are observed at 179, 236, 329, 520, and 640 cm Ϫ1 . The first impression is that the spectra are more similar to those of orthorhombic LaMnO 3 ͑Ref. 8͒ than to the isostructural LaAlO 3 . Based on the LDC it seems straightforward to assign four of the lines ͑these at 179, 236, 520, and 640 cm Ϫ1 ) to the calculated 163-cm Ϫ1 E g mode ͓pure La vibration in the hexagonal (001) h plane͔, 249-cm Ϫ1 A 1g mode ͑rotation of the oxygen octahedra around the hexagonal ͓001͔ h direction͒, 468-cm Ϫ1 E g mode ͑pure oxygen bending vibration͒, and 646 cm Ϫ1 ͑out-ofphase stretching oxygen vibration͒, respectively. We will later argue, however, that although close in frequency to the expected E g modes, the spectral structures near 520 and 640 cm Ϫ1 are of different origin. We will first focus on the only A 1g mode allowed for the R3 c phase. The vibrational pattern of this mode has the shape of the rhombohedral distortion ͑static rotational displacement of the oxygen octahedra around the hexagonal ͓001͔ h direction͒. With increasing temperature ͑approaching the temperature of the second-order structural transition to the cubic Pm3m phase͒ the mode frequency should soften to zero, i.e., this mode is one of the two ''soft'' modes. In contrast, upon cooling the hardening of the A 1g mode has to be significantly larger than that of the the hardening of other modes caused solely by contraction of interatomic bonds. In other words, the frequency of the A 1g mode must correlate mainly with the rhombohedral distortion and depend only weakly on the change of the A-O and B-O distances in different ABO 3 perovskites with R3 c structure. In the case of LaMnO 3 we assign the Raman line at 236 cm Ϫ1 to the A 1g mode based on the following facts:
͑1͒ The results of LDC give for the A 1g mode the close wave number of 249 cm Ϫ1 . ͑2͒ The angle of static rotation ␣ is connected in a simple manner with the x parameter of the oxygen-site positions (x,x ϩ1/2,1/4), namely,
and can easily be calculated from the available crystallographic data. For example, in RAlO 3 (RϭLa,Pr,Nd), the A 1g mode frequency ͑at room temperature͒ shifts by factor 2 ͓from 122 cm Ϫ1 for RϭLa to 241 cm Ϫ1 for RϭNd ͑Ref. 10͔͒ due to the increase of the rhombohedral distortion upon decrease of the radius of the R ion. 16 The direct comparison of the A 1g mode frequencies in LaAlO 3 18 which also correlates with the increasing structural distortion.
The above-discussed dependence of the frequency of the soft modes on the rotational distortion has been known for a long time in the case of variation of distortion with temperature for a same compound 10 and has often been used to find the temperature of the structural transition. In addition we emphasize here that the observation of a large frequency shift of a given Raman line ͑compared to the shift of other lines͒ in a series of isostructural compounds at a fixed temperature is also a strong indication that the line with ''anomalous'' behavior corresponds to a ''soft'' mode. We will mention here that such ''anomalous'' lines have earlier been observed in a number of studies of isostructural series, 17, 18 although other explanations have been proposed. Now we will comment the two relatively strong broad Raman lines near 520 cm Ϫ1 and 640 cm Ϫ1 . In spite of closeness of their frequencies to the calculated values for two of the Raman-allowed E g modes (468 cm Ϫ1 and 646 cm Ϫ1 ) we will argue that these lines are not intrinsic for the ideal R3 c structure. Indeed, their integrated intensity by far exceeds that of the A 1g line, while in the spectra of LaAlO 3 we have the opposite relationship. Furthermore, in the Raman spectra of doped La 1Ϫx Sr x MnO 3 (x ϭ0.1,0.2,0.3) the intensity of these lines decreases with increasing Sr content. 17 Finally, Raman study of La 0.7 Ca 0.3 MnO 3 thin films deposited on LaAlO 3 substrate shows that these lines are pronounced only in the Raman spectra of the high-temperature insulating phase and completely disappear below the temperature of the insulatormetal transition (T c ϭ260 K). 19 These facts indicate that the modes under consideration are ''forbidden'' modes. We recall that the description of the structure using the R3 c space group assumes six equal distances of the Mn-O bonds of MnO 6 octahedra. The oxygen octahedra around Mn ϩ3 in the insulating LaMnO 3 -type phases, however, are distorted due to the Jahn-Teller effect. 20 Recently a direct relationship has been established between the degree of the Jahn-Teller distortions of MnO 6 octahedra and conductivity and magnetic properties of the structure. 21 The intensity of these two lines in the Raman spectra of the rhombohedral LaMnO 3 correlates with the degree of the Jahn-Teller distortions of the MnO 6 octahedra and they can be considered as JahnTeller-distortion-activated modes, otherwise forbidden for the R3 c structure. They are reminiscent to the two strongest lines in the Raman spectra of the orthorhombic LaMnO 3 , 8 corresponding to bending and stretching oxygen vibrations of the MnO 6 octahedra.
D. Infrared spectroscopy
The infrared absorption and reflectance spectra of ABO 3 (Aϭrare earth, Bϭtransition metal or Al͒ in the infrared ͑IR͒ frequency range have been reported in several works. Earlier studies have been directed towards establishing the dependence of spectral features on the perovskite distortion. 22, 23 More recently the interest in the optical properties of LaAlO 3 was renewed due mainly to the applications of this material as a suitable substrate for the growing of high-T c superconducting films. [24] [25] [26] Due to the lack of LDC, however, the analysis of the far-infrared spectra and the assignment of the lines to definite phonon modes has been rather ambiguous. Having calculated the lattice dynamics of LaAlO 3 and LaMnO 3 ͑Table I͒ we can reanalyze and interpret available experimental data ͑see Fig. 4 and Table IV͒. According to the symmetry, the following correlations hold between the long-wavelength IR-active 3A 2u and 5E u modes of the rhombohedrally distorted R3 c perovskites and phonons of the cubic Pm3m perovskite structure compounds ͑see Table I and Fig. 1͒ .
͑a͒ Three A 2u and three out of five E u modes make pairs and originate from the three zone-center triply degenerated IR-active F 1u modes of the ideal cubic perovskite. These three pairs correspond to ͑1͒ the low-frequency vibrations of Mn/Al-O sublattice against La atoms, ͑2͒ the middlefrequency bending vibrations of O and Mn/Al atoms, and ͑3͒ the high-frequency stretching vibrations of O and Mn/Al atoms.
Based on the origin of the pairs it is obvious that A 2u -E u separation for a given pair is a measure of the deviation of the structure from the ideal cubic one. Given that the rhombohedral distortions are small, one expects that corresponding A 2u -E u separation will also be relatively small ͑com-pared to, e.g., LO-TO splitting͒ and the three lines in question will dominate the infrared spectra of rhombohedralstructure ABO 3 compounds.
͑b͒ The remaining two E u modes in the rhombohedral phase make pairs with two inactive A 1u modes. These pairs originate from ͑1͒ a triply degenerated inactive ͑silent͒ F 2u (⌫) mode at the ⌫ point of the cubic Brillouin zone ͑torsional oxygen vibrations of the oxygen octahedra͒ and ͑2͒ a triply degenerated mode of F 2g (R) symmetry from the R point of the cubic Brillouin zone ͓vibrations of the Al ͑or Mn͒ atoms͔.
The facts that the latter modes are inactive in the parent cubic structure and the distortion of rhombohedral materials is small suggest that the corresponding bands in the IR spectra of rhombohedral perovskites will be relatively weak and their intensity will increase with the distortion. For one of the above-mentioned E u modes, which involves predominantly the motions of Mn͑Al͒, one expects a significant frequency shift ͓ Al / Mn Ϸ(m Mn /m Al ) An important result of the LDC of LaAlO 3 is that the separation of A 2u -E u modes for a given pair is very small (р7 cm Ϫ1 ). This prediction is in qualitative agreement with experimental results on LaAlO 3 , 25, 26 where three strong ''restrahlen bands'' are observed in the far-infrared spectral range. The LO-TO splittings ͑up to 150 cm Ϫ1 ) and phonon linewidths ͑up to 50 cm Ϫ1 ) by far exceed the expected A 2u -E u separation indeed.
Note also that an additional weak mode has been detected 25, 26 in the spectra of LaAlO 3 around 500 cm Ϫ1 . We assign it to Al-related vibration that originates from the zoneboundary mode of cubic compound. The position of this mode is in reasonable agreement with the results of calculations ͑Table IV͒. An additional piece of evidence for this mode being metal related comes from the fact that in the infrared spectrum of LaCoO 3 there are no features around 500 cm Ϫ1 , while a band exists 27 around 328 cm Ϫ1 , which even at room temperature shows signs of splitting into two components, presumably A 2u and E u modes. The ratio of corresponding wave numbers 500/328ϭ1.52 is very close to the value of 1.48 expected from simple mass considerations ͓( Al / Co Ϸ(m Co /m Al ) 1/2 ϭ1.48͔. The room-temperature reflectivity spectrum obtained from the polished surface of LaMnO 3 ceramics as well as the spectral dependence of the conductivity and loss function as calculated by Kramers-Kronig analysis are shown in Fig. 4 . Our experimental results are in good agreement with previously published data on the infrared spectra of undoped 28 and doped 29, 30 rhombohedral LaMnO 3 . Three main bands with TO/LO frequencies of 152/192, 315/441, and 586/655 cm Ϫ1 dominate the spectra. As in the case of isostructural LaAlO 3 , we assign these bands to the three A 2u -E u pairs originating from the cubic F 1u (⌫) modes ͑see Table I for comparison of the wave numbers͒. The rhombohedral distortion-induced doublet structure of these bands could not be clearly resolved even for the middle-frequency band, where the largest A 2u -E u splitting of about 40 cm Ϫ1 is predicted by LDC. It implies that the two remaining E u bands are either too weak or overlap with the stronger bands. In particular, an overlap might occur for the E u (Mn) mode and the middle-frequency A 2u -E u pair, expected at 310-320 cm Ϫ1 .
IV. CONCLUSION
In summary, we studied the Raman and infrared phonons of isostructural rhombohedral LaMnO 3 and LaAlO 3 and made an assignment of the experimentally observed lines to definite atomic vibrations based on the symmetry considerations of rhombohedral and parent cubic structures and by comparison with the results of lattice-dynamical calculations. The soft mode related to the rhombohedral distortions in LaMnO 3 was unambiguously identified. We also showed that the broad Raman bands in the high-frequency phonon range of the rhombohedral LaMnO 3 are not proper modes of the R3 c structure, but are rather induced by the dynamic Jahn-Teller effect.
